We found that the red alga dulse (Palmaria palmata) contains a lot of proteins, which is 27 mainly composed of phycoerythrin (PE), and the protein hydrolysates showed high 28 angiotensin I converting enzyme (ACE) inhibitory activities. Therefore, we investigated the 29 structure of dulse PE to discuss its structure-function relationship. We prepared the 30 chloroplast DNA and analyzed the nucleotide sequences encoding PE by cDNA cloning 31 method. It was clarified that dulse PE has α-and β-subunits and they are composed by 164 32 amino acids (MW: 17,638) and 177 amino acids (MW: 18,407), respectively. The dulse PE 33 contained conserved cysteine residues for chromophore attachment site. On the alignment 34 of amino acid sequences of dulse PE with those of other red algal PE, the sequence identities 35
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adjusted to pH 2.0, and the proteins were digested by 1.0 wt% of pepsin at 37 o C for 3 h. 115
After the reaction, the pepsin digests were adjusted to pH 8.0. Subsequently, the solutions 116 were centrifuged at 4 o C, 15,000 x g for 10 min. The supernatants were dried by 117 lyophilization into the "pepsin hydrolysates". Some of the pepsin hydrolysates were 118 digested by 1.0 wt% of trypsin at 37 o C for 3 h. After that, the digested solutions were 119 boiled for 5 min to inactivate the enzymes, and then centrifuged at 4 o C, 15,000 x g for 10 min. 120
The supernatants were dried by lyophilization into the "pepsin-trypsin hydrolysates". (C/T) TC (A/G) TC) for degenerate PCR were designed on the basis of well-conserved 160 regions of red algal PE genes (rpeB and rpeA) (Fig. 1a) Nucleotide and deduced amino acid sequences of dulse PE gene were aligned using 187 CLUSTAL W program (Thompson, et al. 1994) . Molecular weight and isoelectric point of 188 dulse PE were calculated from deduced amino acid sequences by using Compute pI/Mw tool (Bjellqvist et al. 1993; Bjellqvist et al. 1994; Hoogland et al. 2000) . In this study, we obtained 1,560 bp of nucleotide sequences on the analysis of the dulse PE 244 gene, and the gene structure encoding dulse PE (rpeA and rpeB, GenBank accession number 245 AB625450) (Fig. 3) was clarified. This is the first report for the PE gene of Palmariales. 246
１０
As shown in Fig. 3 , the dulse PE gene was constituted of α-and β-subunit genes and 247 A/T-rich spacer. AT contents of the spacer in dulse PE gene were 79% (60 bp/76 bp). 248 Bernard et al. (1992) reported that rpeB gene of Rhodella violacea is split by intervening 249 sequence and the sequence has a feature of group II intron that is typical in eukaryotic 250 organisms, however the dulse PE gene has no introns. The dulse rpeB was present in prior 251 to the rpeA (Fig. 3) . The positions of rpeA and rpeB were the same as those of other red 252 algae, for example Gracilaria tenuistipitata (Hagopian et al. 2004) , Chondrus crispus 253 (GenBank accession number HF562234), Pyropia yezoensis (Wang et al. 2013) , P. 254 haitanensis (Wang et al. 2013) and P. purpurea (GenBank accession number U38804). The 255 nucleotide sequences of dulse PE gene also showed considerably high identities (about 80%) 256 with those of other red algae ( Table 2 ). The GC contents in dulse PE gene were about 40% 257 (rpeA: 40.2%, rpeB: 40.5%), and these numerical values showed very high similarity to those 258 of P. yezoensis (rpeA: 42.6%, rpeB: 40.6%), P. haitanensis (rpeA: 41.2%, rpeB: 41.4%) and P. 259 purpurea (rpeA: 41.8%, rpeB: 42.0%), whereas it was a little higher than those of G. 260 tenuistipitata (rpeA: 37.0%, rpeB: 38.8%) and C. crispus (rpeA: 37.2%, rpeB: 39.1%) ( Table  261 2). 262
The consensus sequences at -10 (5'-TATAAT-3') and -35 (5'-TTGACA-3')１３ promoter elements for RNA polymerase were searched in the dulse PE genes. As a result, 264 putative motifs were found at upstream regions of rpeB then the homologous structures were detected in the upstream of each gene (rpeB: AGGAGA, 268 rpeA: AGGAGA,) (dotted underlines in Fig. 2) . 269 270 Primary structure of dulse phycoerythrin 271
272
The deduced amino acid sequences of dulse PE α-and β-subunits are shown in Fig. 3 . The 273 PE α-subunit consists of 164 amino acids (495 bp), and its molecular weight and isoelectric 274 point were calculated at 17,638 and 5.40, respectively. Red algal PE commonly has two 275 kinds of chromophores, phycoerythrobilin and phycourobilin. Generally, red algal PE 276 α-subunit binds to two phycoerythrobilin with two Cys residues (Lundell et al. 1984; Ficner 277 et al. 1992) , and the dulse PE α-subunit also retained Cys residues at the corresponding 278 positions (αCys82 and αCys139 in Fig. 3 and Fig. 4a ). The dulse PE β-subunit consists of 279 177 amino acids (534 bp), and its molecular weight and isoelectric point were calculated at 280 18,407 and 5.42, respectively. It is already known that one phycourobilin and two 281 phycoerythrobilins bind to four Cys residues in β-subunit apo-protein through thioether 282 linkage (Lundell, et al. 1984; Ficner et al. 1992) . In the dulse PE β-subunit, corresponding 283
Cys residues binding with phycourobilin (βCys50 and βCys61 in Fig. 3 and Fig. 4b ) and with 284 phycoerythrobilins (βCys82 and βCys158) were all conserved. 285 286 3-D structures of dulse phycoerythrin 287 molecular replacement method ( Fig.5b and Table 1 ). The revealed 3-D structure of purified 290 dulse PE in this study formed an (αβ  hexamer, which was similar to other red algal PEs 291 (Chang et al. 1996; Contreras-Martel et al. 2001; Ritter et al. 1999 and β-subunits of dulse PE have nine α-helices (X, Y, A, B, E, F', F, G, and H) as a dominant 296 secondary structure element (Fig. 5b) (Lundell et al. 1984; Ficner et al. 1992; Liu et al. 1999; 297 Jiang et al. 2001) . Each subunit had a structure quite similar to those of other PEs. The 298 r.m.s.d. was 0.39 Å, 0.33 Å, and 0.37 Å for α-subunit, and 0.56 Å, 0.48Å, and 0.55Å for 299 β-subunit of P. urceolata PE, G. monilis PE and G. chilensis PE, respectively. The electron 300 density clearly showed the presence of chromophores covalently linked to Cys residue 301 through thioether bond. Phycoerythrobilins were linked covalently with each of αCys82, 302 αCys139, βCys82, and βCys158, whereas a phycourobilin was linked doubly to βCys50 and 303 βCys61. The presence of chromophores at these sites is highly conserved among PEs of 304 which structures have been reported (Camara-Artigas et al. 2012; Chang et al. 1996; 305 Contreras-Martel et al. 2001; Lundell et al. 1984; Ritter et al. 1999) . Taken these 306 observations together, we concluded that dulse PE has structural characteristics common to 307 other PEs. 308 309 Structure-function relationship of dulse phycoerythrin 310 311 ACE is a key enzyme in the regulation of peripheral blood pressure catalyzing the production１５ inhibitors of the enzyme therefore have been considered with effective antihypertensive drugs. 314
In addition to the drugs, ACE inhibitory peptides from daily food are also useful for 315 maintaining blood pressure at a healthy level. Although the potency of peptide is lower than 316 drug, it does not have side effect (Balti et al. 2015) . Up to now, many researchers have 317 identified various ACE inhibitory peptides from the enzymatic hydrolysates of food (Amado 318 et al. 2014; Ghassem et al. 2014; Balti et al. 2015; García-Moreno et al. 2015) . Besides, 319 Cheung et al. (1980) obtained the interesting results by using several synthetic peptides for a 320 substrate of ACE, that is to say, the ACE inhibitory activity of peptide is closely related to the 321 C-terminal dipeptide residues in it. Specifically, in case of tryptophan, tyrosine, or proline 322 residue is located at the N-terminal side of dipeptide and aromatic amino acid or proline 323 residue is at the C-terminus, its inhibitory potency is the most. Indeed, it has been well 324 known that the peptides are usually composed of hydrophobic and aromatic amino acids 325 (Amado et al. 2014; Ghassem et al. 2014; Balti et al. 2015; García-Moreno et al. 2015) . 326 Therefore, we calculated the contents of hydrophobic and aromatic amino acid residues in 327 dulse PE by using the primary structures in this study (Fig. 3) . As a result, it was clarified 328 that the dulse PE are rich in hydrophobic amino acids (51.0%), especially the contents of 329 aromatic amino acids and proline (10.0-10.9%) are relatively high. On the other hand, 330 crystal structure analysis clearly showed that dulse PE shares significant similarity in their 331 tertiary structure with other PEs. Therefore, we concluded that the cause of high ACE 332 inhibitory activity of dulse PE hydrolysates would be the specific amino acid compositions 333 and sequences, independent of the tertiary structure. 
